An Intelligent Systems Architecturefor Manufacturing
(ISAM)
A Reference Model Architecture
for
Intelligent Manufacturing Systems

Abstract
The Intelligent Systems Architecture for Manufacturing (ISAM) addresses the
application of intelligent systems to the manufacturing enterprise at three degrees of
abstraction: 1) a conceptual framework for developing metrics, standards, and
performance measures, 2) areference model architecture for conceptual design of
intelligent systems, and 3) a set of engineering guidelines for the implementation of
manufacturing applications.

ISAM consists of a hierarchically layered set of intelligent processing nodes organized as
anested series of control loops. In each node, tasks are decomposed, plans are generated,
world models are maintained, feedback from sensors is processed, and control loops are
closed. In each layer, nodes have a characteristic span of control, with a characteristic
planning horizon, and corresponding level of detail in space and time. Nodes at the
higher levels deal with corporate and production management, while nodes at lower
levels deal with machine coordination and process control. ISAM integrates and
distributes deliberative planning and reactive control functions throughout the entire
hierarchical architecture, at all levels, with different spatial and temporal scales at each
level.
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I ntroduction

The ISAM model addresses the application of intelligent systems to the manufacturing
enterprise at three degrees of abstraction:

1. At ahigh degree of abstraction, ISAM provides a conceptual framework for the entire
manufacturing enterprise, including machines, processes, tools, facilities, computers,
software, and human beings operating over time on materials to produce products.

2. At amiddle degree of abstraction, ISAM provides a reference model architecture for
the design of manufacturing systems and software. |SAM addresses the integration of
perception, cognition, knowledge representation, simulation, reasoning, and planning
with reactive control. ISAM appliesto any modular structure with well defined
interfaces.

3. At alow degree of abstraction, ISAM provides engineering guidelines for
implementing specific instances of manufacturing systems, including machine tools,
robots, inspection machines, and material handling systems organized into workstations,
cells, shops, and factories.

At all levels of abstraction, ISAM provides aframework for devel oping metrics,
information exchange standards, and performance measures.

. ISAM asa Conceptual Framework

The ISAM conceptual framework spans the entire range of manufacturing operations,
from those that take place over time periods of microseconds and distances of micronsto
those that take place over time periods of years and distances of many kilometers. The
ISAM model isintended to allow for the representation of activities that range from
detailed dynamic analysis of a single actuator in a single machine to the combined
activity of thousands of machines and human beings in hundreds of plants comprising the
operations of a multinational corporation.

In order to span this wide range of activities, ISAM adopts a hierarchical layering, with
different range and resolution in time and space at each level. It defines functional units
at each level within the enterprise such that each unit can view its particular
responsibilities and priorities at alevel of spatial and temporal resolution that is
understandable and manageable to itself. At any level within the hierarchy, functional
units receive goals and priorities from above, and observe situations in the environment
below. In each functional unit at each level, there are decisions to be made, plansto be
formulated, and actions to be taken that affect peers at the same level and subordinates at
alevel below. In each unit, information must be processed, situations analyzed, and
status reported to peers at the same level and a supervisor above. Each functional unit
has access to amodel of the world that enables situation analysis, decision making, and
planning to be carried out despite the uncertainties and noise that existsin the real world.



At each level, there are values (sometimes not explicitly stated) that set priorities and
guide decision making.

For example, every manufacturing enterprise has atop level wherethereistypically a
board of directors. Thisiswhere corporate policy is set and strategic goals are
established. The board decides what kind of business the corporation isto engagein,
what types of products will be produced, what kind of business and labor policies will be
pursued, and what are the values that determine priorities and shape corporate decisions.
These values typically include criteria of success, which may be defined in terms of
profits, market share, stock prices, etc. In successful corporations, there typically are
well defined corporate goals with atime table and a business plan for achieving them.
The CEO provides the highest level executor function.

At the top of the manufacturing hierarchy, categorical imperatives such as <make a
profit> are decomposed into prioritized tasks and goal s that determine behavior
throughout the enterprise. At intermediate levels, tasks with goals and priorities are
received from the level above, and subtasks with subgoals and priorities are output to the
level below.

Typically, the corporation is organized into management units such that each unit of
management consists of a group of intelligent agents (humans or machines), each of
which possesses a particular combination of knowledge, skills, and abilities, and each of
which has ajob description that defines duties and responsibilities. Each management
unit accepts tasks from higher level management units, and issues subtasks to subordinate
management units. Within each management unit, agents are given job assignments and
allocated resources with which to carry out their assignments.  Within each management
unit, intelligent agents schedul e their activities so asto achieve the goals of the jobs
assigned to them. Each agent is expected to make local executive decisionsin order to
keep operations on schedule by solving problems and compensating for minor
unexpected events. Major problems that cannot be handled locally are referred up
through the hierarchy to higher levels of management.

Typically, each unit of management has a model of the environment in which it
functions. Thisworld model is arepresentation of the state of the environment, the
entities that exist in the environment, the events that take place in the environment, the
attributes and behavior of entities and events, and the relationships among them. The
world model also typically includes a set of rules that describes how the environment is
expected to behave under various conditions. Each unit of management also has access
to sources of information that keep its world model current and accurate. Finally, each
management unit has a set of values, priorities, or cost functions, that it usesto analyze
the state of the world and evaluate plans for future actions.

Every enterprise also has a bottom level, where physical actions take place and sensors
measure phenomenain the environment. Typically the bottom level actuators and
sensors are grouped into operational units or subsystems, and those subsystems are
controlled by subsystem controllers. Subsystems are typically grouped into machines,



machines into workstations, workstations into cells, cells into shops, shops into factories,
etc. At each level of grouping, a controller may be assigned to coordinate and control
group activities. This controller typically has the responsibility of decomposing tasks
into job assignments for each subsystem, assigning resources to each subsystem, and
developing a schedule of subtasks for each subsystem to accomplish itsjob. In many
cases, especialy at higher levelsin the enterprise, coordination and control functions are
performed by organizational units consisting of one or more humans that are schooled in
the knowledge and trained in the skills required to perform the required control activity.
Increasingly, computers can be programmed to perform these functions. Typically,
computer controllers have operator interfaces whereby human operators can access the
system to gather information, make decisions, and take action. Operators usually can
select modes (such as manual, single-step, or automatic) and often can override automatic
operations (for example by changing feed-rate, or commanding halt, or resume.)

Every corporation has some sort of organizational chart that describes the functional
responsibilities of each management unit and defines the flow of command and control.
Of course, no corporate management chart ever shows all the communication pathways
by which information flows throughout the enterprise. In any organization, much
information flows horizontally between peer agents, within management units and
between units, through both formal and informal channels. Furthermore, the flow of
command and control is not always strictly hierarchical. For example, a product design
developed in one division of a manufacturing organization may be used to develop
process plansin an entirely different part of the corporation, or even in adifferent
company. Process plans developed in one organizational unit may be used to develop
routing plans for material flow in adifferent unit. NC machine code developed in one
corporate entity may be used by machinistsin an entirely different facility for making
parts. A programmer writing NC code may not even belong to the same company as the
user who runs the code.

The ISAM model is designed to accommodate all of these possibilities. The fundamental
property of the ISAM model isthat it consists of modular nodes that correspond to
organizational units. Each node contains one or more agents that have clearly defined
functional responsibilities, knowledge, skills, and abilities. Each node also has clearly
defined interfaces and communication channels that can be established with other nodes
in the system. Thus, although most examples of the ISAM model are presented herein
terms of a strictly hierarchical organization, ISAM can be adapted to fit any modular
organization, so long as there are clearly defined roles and responsibilities for each of the
modules and well defined interfaces between modules.

| SAM vs. Current Practice

ISAM can be used to describe current industry practice, but it is designed to anticipate
and address the future needs of U.S. industry. For the most part, current industry
practice assumes that manufacturing consists of highly predictable processes that can
safely proceed without the benefit of, or need for, on-line measurement and real-time
feedback control. Most on-line adjustments to manufacturing processes are made by



human operators who often use intuition and experience to tune parameters. In control
parlance, most production processes operate “ open-loop,” with little or no consideration
given to the need for real-time planning or replanning, automatic error recovery, on-line
optimization, or adaptability to changing conditions. On-line schedule changes and
process modifications are handled mostly by manual ad-hoc methods.

Current data exchange standards such as the Initial Graphics Exchange Specification
(IGES) [1] and the Standard for Exchange of Product model data (STEP) [2, 3] are
limited to static data. Most communication protocol standards such as the Manufacturing
Message Specification (MMS) [4, 5, 6, 7] and TCP/IP do not address the semantics or
logic of the processes being controlled. A few steps toward standards for interfaces that
convey meaning such as the Common Object Request Broker (CORBA) [8] and
Component Object Model (COM) [9] have recently appeared, but these do not support
control systems that require hard real-time response. Open architecture interface
standards such as Open Modular Architecture Controls (OMAC) [10] that are designed to
both specify functionality and operate in real-time are till under development. The
Metrology Automation Association [11] has supported early development effortsin
interface standardization for Coordinate Measuring Machines (CMMs). A recent effort,
|EEE Std 1471-2000, Recommended Practice for Architectural Description of Software-
Intensive Systems, focuses on how to describe such systems, and what should be
included in the descriptions [12].

ISAM isintended to provide atheoretical foundation for the next generation of physical
and informational measurements and standards. |SAM is designed to address future
manufacturing practices that will depend heavily on in-process measurements and highly
sophisticated computer-based control techniques. The assumption isthat the future will
be shaped by the demands of agile manufacturing, including rapid response to changing
customer requirements, concurrent design and engineering, low-cost small-volume
production, out-sourcing of supply, distributed manufacturing, just in-time delivery, real-
time planning and scheduling, increased demands for precision and quality, reduced
tolerance for error, in-process measurement, and feedback control. These demands
generate requirements for adaptability and on-line decision making that cannot be met
with current practice.

ISAM incorporates intelligent control concepts that in many cases are being devel oped
outside of the field of industrial engineering. Intelligent control includes concepts from
artificial intelligence, operations research, game theory, pattern recognition, neural nets,
fuzzy logic, and control theory. It borrows heavily from cognitive psychology, semiotics,
neuroscience, and computer science. Intelligent control closes the loop between sensing
and acting through perception, world modeling, planning, and control. Intelligent control
addresses problems of large complex systems with many sensors and actuators that are
designed to pursue and achieve sophisticated goals in uncertain, competitive, and
sometimes hostile environments. Intelligent control deals with systems designed to
analyze the past, perceive the present, and plan for the future. Intelligent control enables
systems to assess the cost, risk, and benefit of past events and future plans, and to make
intelligent real-time dynamic choices between alternative courses of action in the face of



uncertainty. The ISAM conceptual framework brings intelligent control concepts to bear
on the domain of manufacturing so as to enable the full range of agile manufacturing
concepts.

I1. ISAM asa Reference Model Architecture

At amiddle degree of abstraction, ISAM isintended to provide a reference model
architecture for the design of intelligent systems and software and for the development of
future standards and performance measures. The goal of the ISAM reference model
architecture isto provide a sound theoretical foundation for:

1. metrics, measures, and procedures that can quantitatively measure and evaluate the
performance of intelligent control systems.

2. interface standards that can support dynamic real-time interactions between
production goals and sensed conditions in the industrial environment.

3. open architecture standards that can enable manufacturing system software from a
variety of vendors to work together without extensive effort required for software
integration.

To illustrate the types of issues that are addressed by the ISAM reference model, an
example of aseven level ISAM hierarchy for amachine shop is given below. The
particular functional assignments and numerical values given in the example are for
illustration purposes only. A methodology for applying the ISAM architecture to
specific manufacturing applications will be addressed in alater section.

Level 7 -- Shop (»5 h planning horizon)

The shop level plans activities and allocates resources for one or more
manufacturing cells for a period of five to eight hours. At the shop level, orders for
products are sorted into batches and a production schedule is generated for the cellsto
process the batches. At the shop level, the world model maintains a knowledge database
containing names, contents, and attributes of batches and the inventory of tools and
materials required to manufacture them. Maps may describe the location of, and routing
between, manufacturing cells within the factory. Sensory processing algorithms compute
information about the flow of parts, the level of inventory, and the operational status of
all the cellsin the shop. Value judgment computes the cost and benefit of various
batching and routing options and evaluates statistical quality control parameters. An
operator interface alows human operators to visualize the status of orders and inventory,
the flow of work, and the overall situation within the entire shop facility. Operators can
intervene to change priorities and redirect the flow of materials and tools. Executors
monitor how well plans are being followed, and modify parameters as necessary to keep
production on schedule. Output commands from shop level nodes consist of work flow
assignments for specific cells.

Level 6—Cell (»30 minute planning horizon)



The cell level plans activities and allocates resources for one or more workstations
for aperiod of about 30 minutes into the future. Batches of parts and tools are scheduled
into particular workstations. The world model symbolic database contains names and
attributes of batches of parts, and the tools and materials necessary to manufacture them.
Maps describe the location of, and routing between, workstations within the cell.
Sensory processing determines the location and status of trays of parts and tools. Vaue
judgment evaluates routing options for moving batches of parts and tools. An operator
interface allows human operators to visualize the status of batches and the flow of work
through and within the cell. Operators can intervene to change priorities and reorder the
plan of operations. Executors monitor how well plans are being followed, and modify
parameters as necessary to keep work flow on schedule. The output commands from the
cell level nodes consists of tasks assigned to specific workstation controllers to perform
specific machining, inspection, or material handling operations on specific batches or
trays of parts.

Level 5—Workstation (»3 minute planning horizon)

The workstation level schedules tasks and controls activities within each
workstation. A workstation may consist of a group of machines, such as one or more
closely coupled machine tools, robots, inspection machines, material transport devices,
and part and tool buffers. Plans are developed and commands are issued to equipment to
operate on material, tools, and fixturesin order to produce parts. The world model
symbolic database contains names and attributes of parts, tools, and buffer traysin the
workstation. Maps describe the location of machines, robots, and part trays within the
workstation. Sensory processing computes the position and orientation of parts and tools
in trays and buffers. Value judgment evaluates plans for sequencing machining and parts
handling operations within the workstation. An operator interface allows human
operators to visualize the status of parts and tools within the workstation, or to intervene
to change priorities and reorder the sequence of operations within the workstation.
Executors keep track of how well plans are being followed, and modify parameters as
necessary to keep on plan. Output commands are issued to controllers for particular
machine tools, robots, and tray buffersto perform specific operations on specific parts,
tools, and fixtures.

Level 4—Equipment task (»20 s planning horizon)

The equipment level schedules tasks and controls the activities of each machine
within aworkstation. (Tasks that take much longer than 20 seconds may be broken into
several »20 s segments at the workstation level.) Level 4 decomposes each equipment
task into elemental moves for the subsystems. Plans are developed that sequence
elemental movements of tools and grippers, tool changers, and pallet shuttle systems.
Commands are formulated to move tools and grippers so as to approach, grasp, move,
fixture, cut, drill, mill, or measure parts. The world model symbolic database contains
names and attributes of parts, such as their size and shape (dimensions and tol erances)
and material characteristics (mass, color, hardness, etc.). Maps consist of plan drawings
that illustrate part shape and the relative positions of features on parts, or partsin
assemblies. Sensory processing computes estimates of part shape and dimensions, and
estimates differences between desired and measured properties. Value judgment



evaluates part quality and supports planning for part handling and fixturing sequences.
An operator interface allows human operators to visualize the status of operations of the
machine, or to intervene to change priorities or modify the sequence of operations.
Executors monitor how well plans are being followed, and modify parameters as
necessary to keep on plan. Output commands consist of elemental movement commands
(such as <GoAlongPath>, <MoveToPoint>, <DrillHole>, <MillFace>,
<MeasureSurface>) that are issued to machine subsystem controllers for controlling
elementary movements or behaviors for machining, manipulating, and inspecting part
features. Output motion commands are referenced to a coordinate frame defined in the
object or part being operated upon.

Level 3—Elemental move (»2 s planning horizon)

The Elemental move (E-move) level decomposes elemental movement commands
into a series of trgjectory segments defined in machine coordinates. (Complex
movements that require significantly more than one second are broken up at the task level
into several E-moves.) Plans are developed and commands are issued defining safe path
way points or reference trajectories for tools, manipulators, and inspection probes so asto
avoid collisions and singularities, and assure part quality and process safety. The world
model symbolic database contains names and attributes of part features such as surfaces,
holes, pockets, grooves, threads, chamfers, burrs. Maps consist of drawings that illustrate
feature shape and dimension and the relative positions of feature boundaries. Sensory
processing computes estimated attributes of part features such as position, shape,
dimensions, and surface properties. Value judgment supports planning of machine
motions and evaluates feature quality. An operator interface allows a human operator to
visualize the state of the machine, or to intervene to change mode or interrupt the
sequence of operations. Executors monitor how well plans are being followed, and
modify parameters as necessary to keep on plan. Output consists of commands to motion
sequencers to move along trajectory segments between waypoints defined in machine
coordinates.

Level 2—Primitive (200 ms planning horizon)

The primitive level plans paths for tools, manipulators, and inspection probes so
as to minimize time and optimize performance. It computes tool or gripper acceleration
and deceleration profiles taking into consideration dynamical interaction between mass,
stiffness, force, and time.  The world model symbolic database contains names and
attributes of linear features such aslines, trajectory segments, and vertices. Maps (when
they exist) consist of perspective projections of linear features such as edges, lines, or
tool or end-effector tragjectories. Sensory processing applied to machine axis data
computes estimated motions of tools and grippers. Sensory processing applied to touch
probes and cameras may compute part feature attributes such as position, shape, size, and
orientation. Value judgment supports trajectory optimization. An operator interface
allows a human operator to visualize the state of the machine, the position of the tool, or
to intervene to change mode or override the feed rate. Executors monitor how well plans
are being followed, and modify parameters as necessary to keep part dimensions within
tolerance. Output consists of commands to coordinated axis controllers to move tools or
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grippers at desired velocities and accelerations in tool tip coordinates, or to exert desired
forces, or maintain desired stiffness parameters.

Level 1—Servo level (20 ms planning horizon)

The servo level transforms commands from tool tip to joint actuator coordinates.
Planners interpol ate between primitive trajectory points for each actuator. The world
model symbolic database contains values of state variables such asjoint positions,
velocities, and forces, proximity sensor readings, position of discrete switches, state of
touch probes, as well asimage attributes associated with camera pixels. Maps consist of
cameraimages and displays of sensor readings. Sensory processing scales and filters
data from sensors that measure actuator positions, velocities, forces, torques, and touch.
Thisinformation is provided as estimated state feedback to actuator controllers. Sensory
processing applied to data from touch probes may measure the position of points on part
features. Sensory processing applied to camera data may compute attributes of pixelsin
animage. An operator interface allows a human operator to visualize the position and
velocity of individual axes or to intervene to change mode or jog individual axes.
Executors servo individual actuators and motors to follow interpolated trajectories.
Position, velocity, or force servoing may be implemented, and in various combinations.
Output consists of commands to power amplifiers that specify desired actuator torque or
power. Outputs are produced every 2 ms (or whatever rate is dictated by the machine
dynamics and servo performance requirements). The servo level also commands switch
closures that control discrete actuators such as relays and solenoids.

At the Servo and Primitive levels, the output command rate is typically clock driven on a
regular cycle. At the E-Move level and above, the output command rate becomes
irregular because it is event driven.

The above example shows how the complexity inherent in alarge manufacturing
enterprise can be managed through hierarchical layering. Hierarchical decomposition of
tasksisawell developed method for organizing complex systems. It has been used in
many different types of organizations throughout history for effectiveness and efficiency
of command and control. In ahierarchical organization, higher level nodes have broader
scope and longer time horizons, with less concern for detail. Lower levels have narrower
scope and shorter time horizons, with more focus on detail. Similarly, ISAM nodes at
the upper levelsin the hierarchy are responsible for long range plans consisting of major
milestones, while at lower levels, ISAM nodes successively refine the long range plans
into short term tasks with detailed activity goals. At lower levels, information from
sensors is computed over local neighborhoods and short time intervals, while at higher
levels, sensory information isintegrated over large spatial regions and long time. At low
levels, knowledge is short term and fine grained, while at the higher levels knowledge is
broad in scope and generalized. At every level, feedback loops are closed to provide
reactive behavior. Lower levels have high-bandwidth loops with fast-response reactions,
wheresas higher levels integrate feedback over longer time intervals and react more
deliberately to slower trends.
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ThelSAM Node

ISAM defines a computational node as shown in Figure 1 consisting of five basic
processes. sensory processing (SP), world modeling (WM), behavior generation (BG),
value judgment (VJ), and a knowledge database process (KD). All these processes may
have input and output connections to an Operator Interface. The arrows between
processes indicate the flow of information within the ISAM node among SP, WM, BG,
VJ processes, the KD, and the operator interface. The pathway from sensory processing
through world modeling to behavior generation closes a reactive feedback control 1oop
between observed input and commanded actions. The pathway from behavior
generation through world modeling and value judgment back to behavior generation
enables deliberative planning and reasoning about future actions. The pathway from
sensory processing through value judgment to world modeling enabl es situation
evaluation and learning. The looping interconnection between sensory processing and
world modeling enables recursive estimation and knowledge acquisition. Thus, ISAM
integrates real-time planning and execution of behavior with dynamic world modeling,
knowledge representation, and sensory perception within each node.

Input from the Operator Interface enables a human supervisor to provide commands, to
override or modify system behavior, to perform various types of teleoperation, to switch
control modes (e.g., automatic, teleoperation, single step, pause). Output to the Operator
Interface enables a human to observe the values of state variables, images, maps, and
entity attributes. The Operator Interface can also be used for maintenance, programming,
and debugging.

- — — — — Perception — — — — — - - - - Behavior Generation — — — — — — |
1 1 1
COMMANDED
VALUE TASK (GOAL)
A JUDGMENT |
PERCEIVED ™, A o "~ ™1 OPERATOR
OBJECTS& s34 I g, — ™| INTERFACE
EVENTS =5 E --1 _ -
E = 3 — — -r /( /
3¢ d- T4 ~ -
-2y - -7,
UPDATE PLAN
SENSORY - WORLD BEHAVIOR
PROCESSING |- MODELING > GENERATION
PREDICTED STATE
INPUT
A KNOWLEDGE
DATABASE
OBSERVED COMMANDED
INPUT ACTIONS (SUBGOALS)
\

Figure 1. A node in the ISAM reference model architecture. The elemental processes of
an intelligent system are behavior generation (planning and control), sensory processing
(filtering, detection, recognition, and interpretation), world modeling (store and retrieve
knowledge and predict future states), and value judgment (compute cost, benefit, importance,
and uncertainty). These are supported by a knowledge database and a system architecture
that interconnects the elemental processes and the knowledge database. This collection of
processes and their interconnections make up a generic node in the ISAM reference model
architecture. Each processin the node may have an operator interface.
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Figure 2 shows amore detailed view of the ISAM node. In Figure 2, aBG unit accepts
task command input from an Executor in a higher-level BG unit. Within the BG unit
there is atask decomposition planner that decomposes each commanded task into set of a
tentative plans for subordinate BG units. These tentative plans are submitted to a WM
simulator/predictor which generates expected results. Value Judgment computes the cost
and benefit of each tentative plan and its expected results, and reports this evaluation
back to the task decomposition planner. The planner then selects the best set of tentative
plans to give to Executors for execution. For each subordinate BG unit, thereis an
Executor that compares each step in its plan with feedback from the Knowledge
Database. Each Executor then outputs subtask commands to a subordinate BG unit and
monitorsits behavior. The KD is kept up-to-date by processed sensory information. The
SP, WM, and VJ processes that supply the KD with the information needed by the BG
unit for planning and control are also shown in Figure 2.

Task

SENSORY SP

PROCESSING

Recognize
Filter
Compute
Group
Window

Command
Input
BEHAVIOR BG
WORLD WM GENERATION
MODELING Tentative
Plans
! .
SIMULATOR VALUE | cost Task Decomposition
PREDICTOR || JUDGMENT | penefit PLANNER
t
Expected
Results
KD
Images PLAN PLAN PLAN
Maps
Entities Feedback
States EXECUTOR [—* EXECUTOR EXECUTOR
\ Attributes )
Subtask Subtask Subtask
Command Command Command
Output Output Output
BG (] BG ¥ BG ¥
| PLANNER | PLANNER | PLANNER
=

Figure2. Interfacesbetween BG, WM, SP, and VJ. The Task Decomposition Planner within the
Behavior Generation BG process selects or generates tentative plans. These are sent to the WM
simulator/predictor to generate expected results. The Value Judgment process computes cost and benefits
of tentative plans and expected results. The planner selects the tentative plan with the best cost/benefit
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ratio and placesit in plan buffers within the Executors. Each Executor cycles through its plan, compares
feedback with planned results, and issues subtask command output to lower level BG modules.

The ISAM generic node illustrated in Figures 1 and 2 can be used to construct a
hierarchical reference model architecture such as shown in Figure 3.

WORKSTATION Plansfor next 3 min
Tasks to be done of tray of parts

MACHINE Plansfornext 20 s
Task to be done on an object

Tool Motion

u
O
iy
[vd
u

E-MOVE >
(@]
'_
<
i
O

20 ms plan

Actuator output

| SENSORS AND ACTUATORS

Figure 3. An ISAM reference model architecture for a machining center. Processing
nodes are organized such that the BG processes form a command tree. On the right, are
examples of the functional characteristics and planning horizon of the BG processes at each
level. On the left, are examples of the type of entities recognized by the SP processes and
stored by the WM in the KD knowledge database at each level. (KD processes are not shown
in this figure.) Sensory feedback data flowing up the hierarchy typically form a graph, not a
tree. VJ processes are hidden behind WM processes. An operator interface may provide
input to, and output from BG, WM, SP, and V J processes in every node.

Each node in the ISAM architecture shown in Figure 3 corresponds to an organizational
unit in amanufacturing enterprise. At the top of Figure 3 is the Shop Control node
responsible for generating plans for one or more Cell Control nodes out to a planning
horizon of about 5 h. At the Cell level, Cell Control nodes are responsible for generating
plans for one or more Workstation Control nodes out to a planning horizon of about 30
minutes. At the Workstation level, Workstation Control nodes are responsible for
generating plans for one or more Machine Control nodes out to a planning horizon of
about 3 minutes. At the Machine level, each Machine Control node is responsible for
generating plans for each of its E-move nodes out to a planning horizon of about 20 s.
The Machine node in Figure 3 supervises three E-move nodes. Oneisfor an Inspection

14



subsystem that computes trajectories for touch probes and pan and tilt motors for
cameras. A second isfor a Tool Motion subsystem that computes motion trajectories for
several axes of continuoustool path and spindle control. A third isfor a Discrete
operations subsystem that controls a conveyor, buffer, pallet load and unload, tool
change, and coolant on/off. Coordination between E-move nodes is accomplished
through peer-to-peer communication between agents in the Machine node and between
world model processes at the E-move level. The horizontal curved lines between WM
processes represent the sharing of state information between nodes within subsystems.
Each E-move Control node is responsible for generating plans for its Primitive nodes out
to aplanning horizon of about 2s. The Tool Motion E-move node has one or more
Primitive Control nodes that compute dynamic tool trajectories out to a planning horizon
of about 200 ms. The Inspection subsystem E-move node may have one or more
Primitive Control nodes that compute camera pointing trajectories, or touch probe
trajectories out to a planning horizon of 200 ms. The Discrete Operations E-move node
typically has no Primitive Control node but connects directly to one or more Servo nodes.
This is because discrete operations typically consist of simple switch closures. Finaly, at
the Servo level, tool motions are decomposed into signals for each actuator. For each
actuator there is an Executor that sends it commands. Each sensor sendssignalsto a
sensory processing process that provides updates to the world model knowledge database.

At all levels, ISAM nodes close reactive loops. At the Servo level, ISAM nodes route
feedback from observed sensory input through world modeling to behavior generation in
atight feedback control loop. The Servo level knowledge database contains estimated
and predicted state variables. Servo level sensory processing and world modeling
interact to provide Kalman filtering. The Servo feedback loop for a machine tool
typically operates at arate of 10,000 Hz. For arobot, the Servo loop may operate at
1,000 Hz or even slower. At higher levels, reactive loops are slower because sensory
information is processed, filtered, and clustered into higher level abstractions as it
ascends the sensory processing hierarchy.

Each ISAM node acts as an intelligent controller. Depending on where the ISAM node
resides in the architecture, it might serve as an intelligent controller for a set of actuators,
a subsystem, a machine, aworkstation, a manufacturing cell, a shop, factory, or upper
management organizational unit. The functionality of any ISAM node (or a set of
processes within anode) can be implemented as a computer controller, or as ahuman
management unit, at any level in the manufacturing enterprise.

Within each ISAM node, World Modeling, Sensory Processing, and Value Judgment
processes provide Behavior Generation processes with the information needed for
decision making and control. Within each node, Behavior Generation processes
decompose tasks into subtasks for subordinate Behavior Generation processes. At each
level World Model knowledge is shared between Knowledge Data